This paper presents a control effectiveness analysis of the hawkmoth Manduca sexta. A multibody dynamic model of the insect that considers the time-varying inertia of two flapping wings is established, based on measurement data from the real hawkmoth. A six-degree-of-freedom (6-DOF) multibody flight dynamics simulation environment is used to analyze the effectiveness of the control variables defined in a wing kinematics function. The aerodynamics from complex wing flapping motions is estimated by a blade element approach, including translational and rotational force coefficients derived from relevant experimental studies. Control characteristics of flight dynamics with respect to the changes of three angular degrees of freedom (stroke positional, feathering, and deviation angle) of the wing kinematics are investigated. Results show that the symmetric (asymmetric) wing kinematics change of each wing only affects the longitudinal (lateral) flight forces and moments, which implies that the longitudinal and lateral flight controls are decoupled. However, there are coupling effects within each plane of motion. In the longitudinal plane, pitch and forward/backward motion controls are coupled; in the lateral plane, roll and side-translation motion controls are coupled.
Introduction
Insects perform highly maneuverable yet stable flight that is rarely found from manmade fixed-or rotary-wing aircraft. It is also remarkable that they manage all these maneuvers through only a pair of wings, whereas manmade aircraft utilize thrusters and various other control surfaces, such as flaps, rudders, and ailerons, to maintain their flight. The wings of the insect can be defined to have three independent rotational degrees of freedom (stroke positional, feathering, and deviation angle) [1] , and it is believed that the insect can control each of them, with their complex muscles and exoskeleton structure. However, when it comes to an engineered implementation in an insect-inspired micro air vehicle (MAV), there are extreme difficulties, because of the very tight weight budget of the system. At present, only a limited number of actuators and limited complexity of mechanisms are possible to be installed in a flyable flapping wing micro air vehicle (MAV) [2] , thus the control characteristics of the system can easily be underactuated. Therefore, the key thing for implementing flight control to the flapping MAV is how to obtain full control authorities to all of the six degrees of freedom motions, with a limited number of possible control inputs.
To better understand the fundamental mechanics of the flight control of the insect, and to utilize the knowledge for realizing manmade flapping MAVs, several interdisciplinary studies between biology and aerospace engineering have been conducted. High-speed footage recording/processing techniques for the stimulated (disturbed) flying insect [3, 4] are used to investigate bio-inspired control strategies of the insects: which sensory organ it uses, which state it feeds back, which muscle it activates, and consequently, which control strategy it uses to evade flight instability. However, this inference process has a limitation, in that it can only provide us with input/output sets and inferred control strategy based on hypothesis testing. A simplified mathematical modeling of the insect flight dynamics and hardware development/test has also been conducted [5] [6] [7] [8] . Through this mathematical modeling approach, more direct clues can be provided, such as a quantitative relation between given control inputs, and the consequent dynamic responses. However, several assumptions for a simplified modeling make it hard to capture the time-varying nonlinear characteristics of the insect flight dynamics. Frequently used assumptions are cycle-averaged aerodynamics, simple single rigid body equations of motion that ignore the inertia effects of flapping wings, and linearization of the equations of motion.
In this study, an at-scale multibody dynamic model of the hawkmoth Manduca sexta is established, to consider time-varying inertia of the flapping wings. The timevarying inertia of the flapping wings is important, because of the fast flapping frequency of the insect, ranging from a few tens to hundreds of Hz. In this dynamic range, even though the wings have relatively smaller mass than the body, inertial forces of the wings play a role as important as the aerodynamic forces [9] . In particular, asymmetric wing kinematics induces more unbalanced inertial forces. Thus the wing's time-varying inertial change needs to be taken into account, when investigating the force and moment changes under a given wing kinematics command variation. Based on this multibody insect model, control effectiveness analysis is performed using a modified version of the multibody dynamics simulation environment, developed in the author's previous studies [10, 11] . Changes in six degrees of freedom forces and moments with respect to the variation of the three angular degrees of freedom wing kinematics are investigated, and their characteristics are analyzed.
Material and Methods

Insect model and coordinate systems
The hawkmoth Manduca sexta is a relatively large flying insect, capable of hovering flight with a flapping frequency of about 26 Hz [21] . It has two sets of wings, and each set consists of fore-and hind-wing, which flap in a synchronized manner, as if they were connected. Also, the flight is being driven primarily by the motion of the fore-wings only [12] . For this study, the fore-and hind-wings are assumed to be glued together at their interface, as shown in Fig. 1 .
All three body components (head, thorax, and abdomen) and two wings are independently modeled, for a multibody dynamic model of the hawkmoth ( Fig. 1 (a) ). The head, thorax, and abdomen are connected to each other via a fixed joint, which allows no translation or rotation. The two wings are connected to the thorax via a 3-DOF revolute joint, for the wing kinematics. The body and wing morphological data are referred from measurement data [13, 14] , and these are tabulated in Tables 1 and 2 .
The parameters in Table 1 denote: m w is wing mass; R is span;
connected to the thorax via a 3-DOF revolute joint, for the wing kinematics. The body and wing morphological data are referred from measurement data [13, 14] , and these are tabulated in Tables 1   and 2 .
The parameters in Table 1 denote: m w is wing mass; R is span; c is mean chord; S is area; t is wing thickness; and r 2 is radius of second moment of area. The mass fraction of the wings is about six percent of the whole body weight. The parameters in Table 2 To establish a multibody dynamic model of the hawkmoth, as shown in Fig. 1 (a) , we used a multibody dynamics code (MSC.Adams, MSC Software Corp.). This code generates and integrates a set of nonlinear Differential and Algebraic Equations (known as a DAE system), which are based on a user-given multibody configuration (as in Fig. 1 (a) ). A generic form of this DAE system is: 
where, M is the mass matrix of the system, q is the set of coordinates used to represent displacements, η is the set of configuration and applied motion constraints (kinematic constraint equations), λ is the Lagrange multipliers for handling multiple constraints, F is the set of applied is mean chord; S is area; t is wing thickness; and r 2 is radius of second moment of area. The mass fraction of the wings is about six percent of the whole body weight. The parameters in Table 2 Fig. 2 . The inertial and body-fixed coordinate systems describe local/global six-degree-of-freedom (6-DOF) motions; the stroke-plane and wing coordinate systems are required to compute blade element theory based aerodynamic model for the flapping wings.
To establish a multibody dynamic model of the hawkmoth, as shown in Fig. 1 (a) , we used a multibody dynamics code (MSC.Adams, MSC Software Corp.). This code generates and integrates a set of nonlinear Differential and Algebraic Equations (known as a DAE system), which are based on a user-given multibody configuration (as in Fig. 1 (a) ). A generic form of this DAE system is: 4 coordinate systems describe local/global six-degree-of-freedom (6-DOF) motions; the and wing coordinate systems are required to compute blade element theory based aerody for the flapping wings.
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where, M is the mass matrix of the sys displacements, η is the set of configuration a equations), λ is the Lagrange multipliers for h forces and gyroscopic terms of the inertia forc the direction q, and η q is the gradient of the con the normal to the constraint surface in the confi q is the gradient of the constraints at any given state, which can be thought of as the normal to the constraint surface in the configuration space. In our hawkmoth model, there are five rigid bodies, and four kinematic constraints (two are fixed joints, and the other two are 3-DOF revolute joints).
For the forcing terms to the system, here the aerodynamics on the flapping wings are independently coded with FORTRAN, and appended as a user-written subroutine to the multibody dynamics solver. The aerodynamic model is 
• flight states • wing kinematic variables and its time derivatives
• aerodynamics of each wing strip 
Aerodynamics for the flapping wings
The aerodynamic model used in this study is based on a blade element approach, which is widely used by various research groups [8, 15, 16] . The blade element approach assumes a wing to be divided into many chord-wise aerodynamic strips. Then the aerodynamics generated from each strip are integrated along the span-wise direction, to calculate the whole wing's aerodynamic characteristics. Interactions between the wing and wake, or wing and body, are not considered in this aerodynamic model.
In this study, a total of five strips for each wing are used for the application of the blade element approach (i=1,…,5, starting from the wing root). The motion of each aerodynamic strip is governed by the input from the given wing kinematics (defined in section 2.3). These motions generate consequent changes in the angle of attack and incident flow velocity, which affect the aerodynamics produced by the wings, and hence alter the 6-DOF forces and moments at the center of mass of the hawkmoth model.
Eqn. 2 shows the components of an instantaneous aerodynamics, developed from a flapping motion of the wing [1] . For the forcing terms to the system, here the aerodynamics on the flapping wings are independently coded with FORTRAN, and appended as a user-written subroutine to the multibody dynamics solver.
The aerodynamic model is explained in section 2.2.
A block diagram, showing the modules used in multibody dynamic modeling and simulation of the hawkmoth, is given in Fig. 3. 
The aerodynamic model used in this study is based on a blade element approach, which is widely used by various research groups [8, 15, 16] . The blade element approach assumes a wing to be divided into many chord-wise aerodynamic strips. Then the aerodynamics generated from each strip are integrated along the span-wise direction, to calculate the whole wing's aerodynamic characteristics.
Interactions between the wing and wake, or wing and body, are not considered in this aerodynamic model.
In this study, a total of five strips for each wing are used for the application of the blade element approach (i=1,…,5, starting from the wing root). The motion of each aerodynamic strip is governed by the input from the given wing kinematics (defined in section 2.3). These motions generate consequent changes in the angle of attack and incident flow velocity, which affect the aerodynamics produced by the wings, and hence alter the 6-DOF forces and moments at the center of mass of the hawkmoth model. Eqn. 2 shows the components of an instantaneous aerodynamics, developed from a flapping motion of the wing [1] . 
Among the four major aerodynamic components, the aerodynamics generated from a translational and a rotational motion of the wing is modeled for this study. The translational component is a quasisteady term, which is a function of the effective angle of attack of the wing strip (α i ), and
Among the four major aerodynamic components, the aerodynamics generated from a translational and a rotational motion of the wing is modeled for this study. The translational component is a quasi-steady term, which is a function of the effective angle of attack of the wing strip (α i ), and corresponding incident flow velocity (V i ). The rotational component is an unsteady effect, generated from a rapid wing rotation that occurs at each stroke reversal, and is a function of the angular velocity of the rapid rotation, incident flow velocity, and location of the rotation axis. Eqns. 3 to 7 show each aerodynamic component's mathematical model:
corresponding incident flow velocity (V i ). The rotational component is an unsteady effect, generated from a rapid wing rotation that occurs at each stroke reversal, and is a function of the angular velocity of the rapid rotation, incident flow velocity, and location of the rotation axis. Eqns. 3 to 7 show each aerodynamic component's mathematical model:
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Here, all the aerodynamic coefficients (C L , C D , and C rot ) are extracted from previous expe studies [1, 17] . The lift and drag coefficients (Eqn. 8) for the translational component are experimental data obtained by Usherwood et al. [17] . They conducted a vertical/horizon measurement experiment with a scaled hawkmoth wing, which was rotating with an angular that corresponds to Re=8071. We curve fitted the experimental data, to obtain the lift coefficients in Eqn. 8. This is a function of the effective angle of attack (α i ), where subscript the wing strip number. The unsteady rotational force coefficient (Eqn. 9) is modeled is the density of air (1.225kg/m 3 ), dS i is the area of each aerodynamic strip, 4 connected to the thorax via a 3-DOF revolute joint, for the wing kinematics. The body and wing morphological data are referred from measurement data [13, 14] , and these are tabulated in Tables 1   and 2 .
The parameters in Table 1 denote: m w is wing mass; R is span; c is mean chord; S is area; t is wing thickness; and r 2 is radius of second moment of area. The mass fraction of the wings is about six percent of the whole body weight. The parameters in Table 2 To establish a multibody dynamic model of the hawkmoth, as shown in Fig. 1 (a) , we used a multibody dynamics code (MSC.Adams, MSC Software Corp.). This code generates and integrates a set of nonlinear Differential and Algebraic Equations (known as a DAE system), which are based on a user-given multibody configuration (as in Fig. 1 (a) ). A generic form of this DAE system is:
where, M is the mass matrix of the system, q is the set of coordinates used to represent displacements, η is the set of configuration and applied motion constraints (kinematic constraint equations), λ is the Lagrange multipliers for handling multiple constraints, F is the set of applied forces and gyroscopic terms of the inertia forces, A T is the matrix that projects the applied forces in the direction q, and η q is the gradient of the constraints at any given state, which can be thought of as the normal to the constraint surface in the configuration space. In our hawkmoth model, there are five is the mean chord of each aerodynamic strip, and y w,i is the location of the aerodynamic strip i from the wing-base pivot along the wing-fixed y w -axis; (t), α(t), and
Here, all the aerodynamic coefficients (C L , C D , and C rot ) are extracted from previous experimental studies [1, 17] . The lift and drag coefficients (Eqn. 8) for the translational component are based on experimental data obtained by Usherwood et al. [17] . They conducted a vertical/horizontal force measurement experiment with a scaled hawkmoth wing, which was rotating with an angular velocity that corresponds to Re=8071. We curve fitted the experimental data, to obtain the lift and drag coefficients in Eqn. 8. This is a function of the effective angle of attack (α i ), where subscript i denotes the wing strip number. The unsteady rotational force coefficient (Eqn. 9) is modeled from an are wing kinematics variables defined in the next section 2.3.
Here, all the aerodynamic coefficients (CL, CD, and Crot) are extracted from previous experimental studies [1, 17] . The lift and drag coefficients (Eqn. 8) for the translational component are based on experimental data obtained by Usherwood et al. [17] . They conducted a vertical/horizontal force measurement experiment with a scaled hawkmoth wing, which was rotating with an angular velocity that corresponds to Re=8071. We curve fitted the experimental data, to obtain the lift and drag coefficients in Eqn. 8. This is a function of the effective angle of attack (αi), where subscript i denotes the wing strip number. The unsteady rotational force coefficient (Eqn. 9) is modeled from an (8) 
Here, all the aerodynamic coefficients (C L , C D , and C rot ) are extracted from previous studies [1, 17] . The lift and drag coefficients (Eqn. 8) for the translational component experimental data obtained by Usherwood et al. [17] . They conducted a vertical/hor measurement experiment with a scaled hawkmoth wing, which was rotating with an ang that corresponds to Re=8071. We curve fitted the experimental data, to obtain the l coefficients in Eqn. 8. This is a function of the effective angle of attack (α i ), where subscr the wing strip number. The unsteady rotational force coefficient (Eqn. 9) is mode (9) Here, all the aerodynamic coefficients (C L , C D , and C rot ) are extracted from previous experimental studies [1, 17] . The lift and drag coefficients (Eqn. 8) for the translational component are based on experimental data obtained by Usherwood et al. [17] . They conducted a vertical/horizontal force measurement experiment with a scaled hawkmoth wing, which was rotating with an angular velocity that corresponds to Re=8071. We curve fitted the experimental data, to obtain the lift and drag coefficients in Eqn. 8. This is a function of the effective angle of attack (α i ), where subscript i denotes the wing strip number. The unsteady rotational force coefficient (Eqn. 9) is modeled from an experimental study of Sane et al. [1] . It is a tabular form of coefficients due to the nonlinearity, and is a function of the nondimensional angular velocity of the strip ( 
Definition of wing kinematics control input variables
The motion of the insect wing can be defined with three independent angular degrees of freedom at the wing-base pivot: 1) �(t), stroke positional angle, 2) α(t), feathering angle, and 3) θ(t), deviation angle. The stroke positional angle governs the back and forth motion of the wing; the feathering angle governs the geometrical angle of attack of the wing surface; and the deviation angle governs the up and down motion of the wing with respect to the stroke plane (see Fig. 1 (b) for a graphical representation).
Based on this wing kinematics definition, the motion of each rotational degree of freedom is defined with a sinusoidal function, to reproduce the periodic wing beat motion of the insect flight.
Eqns. 10 to 12 show the wing kinematics function for each rotational degree of freedom:
where, f=26 Hz for all the kinematic variables, which is the typical flapping frequency of the hawkmoth flight [21] , and C α =4.5, which is a coefficient for adjusting the interval of the stroke ), and the location of the nondimensional axis of rotation ( 
where, f=26 Hz for all the kinematic variables, which is the typical flappi hawkmoth flight [21] , and C α =4.5, which is a coefficient for adjusting the i reversal.
, where x is the length from leading edge to the feathering axis, y w ) of the strip. The coefficients can be found in Figure 2 of Sane et al. [1] .
The motion of the insect wing can be defined with three independent angular degrees of freedom at the wing-base pivot: 1) (t), stroke positional angle, 2) α(t), feathering angle, and 3) 6 corresponding incident flow velocity (V i ). The rotational component is an unsteady effect, generated from a rapid wing rotation that occurs at each stroke reversal, and is a function of the angular velocity of the rapid rotation, incident flow velocity, and location of the rotation axis. Eqns. 3 to 7 show each aerodynamic component's mathematical model:
Here, all the aerodynamic coefficients (C L , C D , and C rot ) are extracted from previous experimental studies [1, 17] . The lift and drag coefficients (Eqn. 8) for the translational component are based on experimental data obtained by Usherwood et al. [17] . They conducted a vertical/horizontal force measurement experiment with a scaled hawkmoth wing, which was rotating with an angular velocity that corresponds to Re=8071. We curve fitted the experimental data, to obtain the lift and drag coefficients in Eqn. 8. This is a function of the effective angle of attack (α i ), where subscript i denotes the wing strip number. The unsteady rotational force coefficient (Eqn. 9) is modeled from an , deviation angle. The stroke positional angle governs the back and forth motion of the wing; the feathering angle governs the geometrical angle of attack of the wing surface; and the deviation angle governs the up and down motion of the wing with respect to the stroke plane (see Fig. 1 (b) for a graphical representation) .
Based on this wing kinematics definition, the motion of each rotational degree of freedom is defined with a sinusoidal function, to reproduce the periodic wing beat motion of the insect flight. Eqns. 10 to 12 show the wing kinematics function for each rotational degree of freedom: 
The motion of the insect wing can be defined with three independent angular degrees o the wing-base pivot: 1) �(t), stroke positional angle, 2) α(t), feathering angle, and 3) θ angle. The stroke positional angle governs the back and forth motion of the wing; the fea governs the geometrical angle of attack of the wing surface; and the deviation angle go and down motion of the wing with respect to the stroke plane (see Fig. 1 (b) for representation).
Based on this wing kinematics definition, the motion of each rotational degree of defined with a sinusoidal function, to reproduce the periodic wing beat motion of the Eqns. 10 to 12 show the wing kinematics function for each rotational degree of freedom:
where, f=26 Hz for all the kinematic variables, which is the typical flapping frequ hawkmoth flight [21] , and C α =4.5, which is a coefficient for adjusting the interval o 
where, f=26 Hz for all the kinematic variables, which is the typical flapping frequ hawkmoth flight [21] , and C α =4.5, which is a coefficient for adjusting the interval o reversal.
(11)
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defined with a sinusoidal function, to reproduce the periodic wing beat motion of the insect flight.
where, f=26 Hz for all the kinematic variables, which is the typical flapping frequency of the hawkmoth flight [21] , and C α =4.5, which is a coefficient for adjusting the interval of the stroke reversal.
Each kinematics function has two variables, which are the amplitude and bias; and the variation of these two variables is used to evaluate the control effectiveness of the hawkmoth model. defined with a sinusoidal function, to reproduce the periodic wing beat motion of the insect flight.
Each kinematics function has two variables, which are the amplitude and bias; and the variation of these two variables is used to evaluate the control effectiveness of the hawkmoth model. sinusoidal function, to reproduce the periodic wing beat motion of the insect flight.
how the wing kinematics function for each rotational degree of freedom:
Hz for all the kinematic variables, which is the typical flapping frequency of the t [21] , and C α =4.5, which is a coefficient for adjusting the interval of the stroke tics function has two variables, which are the amplitude and bias; and the variation of les is used to evaluate the control effectiveness of the hawkmoth model. (Table 3. ). For the feathering angle, α(t), C α is a coefficient for tuning the shape of the function: as C α goes to infinity, the function becomes a square wave function, and as C α goes to zero, the function becomes a sine wave [18] . Here, a square wave indicates that the stroke reversal takes place within an infinitesimal period of time, whereas a sine wave indicates a gradual reversal of the wingbeat strokes. In this study, C α is set to 4.5, to give a stroke reversal time of 0.15, which is a value nondimensionalized by the wing beat stroke period (T).
The abovementioned wing kinematics control input variables are depicted in Fig. 4 . Each wing has three rotational degrees of freedom, and each rotational degree of freedom has two control variables; hence a total of 12 control input variables are defined, for both left and right wings. However, to obtain more intuitive results, control variable sets are divided into six symmetric and six asymmetric inputs. The symmetric inputs indicate that the control inputs to the left and right wing are identical, whereas the asymmetric inputs mean that the left and right wing have different control inputs, defined by ΔX (Eqn. 13 
Results and Discussion
The abovementioned control input variable sets for the wing kinematics are given to the hawkmoth model, to investigate their effect on the 6-DOF forces and moments. Overall, the result shows that the symmetric control The results show that the symmetric bias of the feathering angle (α 0 ) is needed for the control authority for the forward and backward motion (x b direction). This mode of wing motion for the forward flight, termed a paddling mode, was observed from the high-speed camera measurement of a fruitfly's forward flight [3] . For the descending and ascending motion (z b direction), the symmetric amplitude of stroke positional angle (� amp ) is found to be the most effective control input variable.
Longitudinal control
The other control variables (α amp , α 0 , and θ amp ) also have control authorities to this direction. However, the nonlinear variation of the F z force component with respect to the changes in α amp , α 0 , and θ amp , makes it ineffective to be used as a control input variable. For the pitching motion (y b rotational direction), the symmetric bias of the stroke positional angle (� 0 ) is needed for the control authority. A shift in the mean value of the stroke positional angle results in a shift of the aerodynamic center, during a wing beat cycle, to forward or backward with respect to the center of mass; therefore a pitching moment is generated. Fig. 6 illustrates the aerodynamic vectors on the wings, under the given wing kinematics control inputs for the longitudinal control forces and moments. pitching moment is generated. Fig. 6 illustrates the aerodynamic vectors on the wings, und wing kinematics control inputs for the longitudinal control forces and moments. The shaded region specifies longitudinal forces and moments. Graphs having a thick red solid border indicate the most affected force or moment by the corresponding control input variable on the abscissa. Graphs having a thick blue dashed border indicate the second most affected force or moment by the corresponding control input variable on The results show that the symmetric bias of the feathering angle (α 0 ) is needed for the control authority for the forward and backward motion (x b direction). This mode of wing motion for the forward flight, termed a paddling mode, was observed from the high-speed camera measurement of a fruitfly's forward flight [3] . For the descending and ascending motion (z b direction), the symmetric amplitude of stroke positional angle ( amp ) is found to be the most effective control input variable. The other control variables (α amp , α 0 , and The results show that the symmetric bias of the feathering angle (α 0 ) is needed for the control authority for the forward and backward motion (x b direction). This mode of wing motion for the forward flight, termed a paddling mode, was observed from the high-speed camera measurement of a fruitfly's forward flight [3] . For the descending and ascending motion (z b direction), the symmetric amplitude of stroke positional angle (� amp ) is found to be the most effective control input variable.
Lateral control
The other control variables (α amp , α 0 , and θ amp ) also have control authorities to this direction. However, the nonlinear variation of the F z force component with respect to the changes in α amp , α 0 , and θ amp , makes it ineffective to be used as a control input variable. For the pitching motion (y b rotational direction), the symmetric bias of the stroke positional angle (� 0 ) is needed for the control authority. A shift in the mean value of the stroke positional angle results in a shift of the aerodynamic center, during a wing beat cycle, to forward or backward with respect to the center of mass; therefore a pitching moment is generated. Fig. 6 illustrates the aerodynamic vectors on the wings, under the given wing kinematics control inputs for the longitudinal control forces and moments. The results show that the symmetric bias of the feathering angle (α 0 ) is needed for the control authority for the forward and backward motion (x b direction). This mode of wing motion for the forward flight, termed a paddling mode, was observed from the high-speed camera measurement of a fruitfly's forward flight [3] . For the descending and ascending motion (z b direction), the symmetric amplitude of stroke positional angle (� amp ) is found to be the most effective control input variable.
The other control variables (α amp , α 0 , and θ amp ) also have control authorities to this direction. However, the nonlinear variation of the F z force component with respect to the changes in α amp , α 0 , and θ amp , makes it ineffective to be used as a control input variable. For the pitching motion (y b rotational direction), the symmetric bias of the stroke positional angle (� 0 ) is needed for the control authority. A shift in the mean value of the stroke positional angle results in a shift of the aerodynamic center, during a wing beat cycle, to forward or backward with respect to the center of mass; therefore a pitching moment is generated. Fig. 6 illustrates the aerodynamic vectors on the wings, under the given wing kinematics control inputs for the longitudinal control forces and moments. ( 0 ) is needed for the control authority. A shift in the mean value of the stroke positional angle results in a shift of the aerodynamic center, during a wing beat cycle, to forward or backward with respect to the center of mass; therefore a pitching moment is generated. Fig. 6 illustrates the aerodynamic vectors on the wings, under the given wing kinematics control inputs for the longitudinal control forces and moments. is the most effective control input for the control authority to the side-translation motion (y b direction). This asymmetric bias of the deviation angle directly tilts the aerodynamic force vectors to one direction, by tilting the whole stroke plane. For the roll motion (x b rotational direction), the asymmetric amplitude of the stroke positional angle (Δ amp ) is needed to generate roll moment. The asymmetric bias of the feathering angle (Δα 0 ) is found to be the most effective, and also the only control input for the control authority to the yaw motion (z b rotational direction). Also, this strategy of yaw control was demonstrated by the Nano hummingbird platform, developed by AeroVironment Inc. [2] . Fig. 8 illustrates the aerodynamic vectors on the wings, under the given wing kinematics control inputs for the lateral control forces and moments.
Coupling effect of control inputs
As shown in the Figs. 5 and 7, some control input variables affect not only a single directional force or moment (graphs with thick solid border), but they also simultaneously affect two or three forces or moments (graphs with thick dashed border). This means that there is a coupling effect between DOFs with respect to a single control input variable. However, there is not much coupling between longitudinal and lateral DOFs, except only for the longitudinal up/down motion with the lateral dynamics.
In the longitudinal DOFs (x b translation, z b translation, and y b rotation), F x and M y always couple together: forward/ backward force and pitching moment. In Fig. 5 , both the symmetric bias of the stroke positional angle ( 0 ) and the symmetric bias of the feathering angle (α 0 ) have an effect on the F x and M y , with different direction. An increase of the symmetric bias of the stroke positional angle ( 0 ) induces increases both in F x and M y (in-phase), which means that the hawkmoth pitches up (down), while going forward (backward) at the same time. This mode of motion is known to be highly unstable [5, 19] , hence further attitude stabilization control is necessary for using this control strategy. On the other hand, increase of the symmetric bias of the feathering angle (α 0 ) induces a decrease in F x , and an increase in M y (out-of-phase). This means that the hawkmoth pitches down (up), while going forward (backward), and this mode of motion is known to be stable [5, 19] . By taking advantage of this coupling effect, it seems that the symmetric bias of the feathering angle (α 0 ) is appropriate for the attitude control to the directions of forward/backward and pitching motions.
In the lateral DOFs (y b translation, x b rotation, and z b rotation), F y and M x always couple together: side-translation force and roll moment. Fig. 7 shows that three control inputs have an effect on F y and M x , which are the asymmetric amplitude of the stroke positional angle (Δ amp ), the asymmetric amplitude of the feathering angle (Δα amp ), and the asymmetric bias of the deviation angle ( 11 forward (backward), and this mode of motion is known to be stable [5, 19] . By taking advantage of this coupling effect, it seems that the symmetric bias of the feathering angle (α 0 ) is appropriate for the attitude control to the directions of forward/backward and pitching motions.
In the lateral DOFs (y b translation, x b rotation, and z b rotation), F y and M x always couple together:
side-translation force and roll moment. Fig. 7 shows that three control inputs have an effect on F y and M x , which are the asymmetric amplitude of the stroke positional angle (Δ� amp ), the asymmetric amplitude of the feathering angle (Δα amp ), and the asymmetric bias of the deviation angle (Δθ 0 ).
Among these three control inputs, an increase of Δα amp and Δθ 0 cause an increase both in F y and M x (in-phase). This portrays a situation where the hawkmoth goes right (left), while rolling right (left), and this mode of motion is known to be unstable [20] . Therefore, initiating this mode of motion with a certain control input will make the insect flight diverge, thus further compensation is needed for stabilization. However, an increase of Δ� amp induces an increase in F y and a decrease in M x (out-ofphase), which renders a situation where the hawkmoth translates right (left) while rolling left (right).
This mode of motion is known to be stable [20] . Therefore, for the control of side-translation and roll motion, the asymmetric amplitude of the stroke positional angle (Δ� amp ) seems to be a proper choice.
In terms of a cross-coupling between motion planes (longitudinal and lateral), there is a longitudinal force component, F z , which is affected by the asymmetric lateral control inputs. It is shown in Fig. 7 , and most of the asymmetric control inputs have a slight effect on the overall lift production of the wing. This seems to be the effect of the inclined aerodynamic vector from the wing compared to a nominal condition, due to the altered wing kinematics. This slight increase or decrease in the lift force must be taken into account, when designing a robust flight controller.
Conclusion
A control effectiveness analysis is conducted using a multibody dynamics model of the hawkmoth Manduca sexta. From the analyses, the sensitivities of defined control input variables to the 6-DOF flight forces and moment are investigated, and their coupling effects are also examined.
For the longitudinal flight: 1) the symmetric bias of the feathering angle (α 0 ) is effective for the ). Among these three control inputs, an increase of Δα amp and 11 forward (backward), and this mode of motion is known to be stable [5, 19] . By taking adv this coupling effect, it seems that the symmetric bias of the feathering angle (α 0 ) is appropri attitude control to the directions of forward/backward and pitching motions.
In the lateral DOFs (y b translation, x b rotation, and z b rotation), F y and M x always couple side-translation force and roll moment. Fig. 7 shows that three control inputs have an effect M x , which are the asymmetric amplitude of the stroke positional angle (Δ� amp ), the as amplitude of the feathering angle (Δα amp ), and the asymmetric bias of the deviation an Among these three control inputs, an increase of Δα amp and Δθ 0 cause an increase both in (in-phase). This portrays a situation where the hawkmoth goes right (left), while rolling r and this mode of motion is known to be unstable [20] . Therefore, initiating this mode of mot certain control input will make the insect flight diverge, thus further compensation is n stabilization. However, an increase of Δ� amp induces an increase in F y and a decrease in M phase), which renders a situation where the hawkmoth translates right (left) while rolling l This mode of motion is known to be stable [20] . Therefore, for the control of side-translatio motion, the asymmetric amplitude of the stroke positional angle (Δ� amp ) seems to be a prope In terms of a cross-coupling between motion planes (longitudinal and lateral), t longitudinal force component, F z , which is affected by the asymmetric lateral control in shown in Fig. 7 , and most of the asymmetric control inputs have a slight effect on the o production of the wing. This seems to be the effect of the inclined aerodynamic vector from compared to a nominal condition, due to the altered wing kinematics. This slight increase o in the lift force must be taken into account, when designing a robust flight controller.
A control effectiveness analysis is conducted using a multibody dynamics model of the h Manduca sexta. From the analyses, the sensitivities of defined control input variables to t flight forces and moment are investigated, and their coupling effects are also examined.
For the longitudinal flight: 1) the symmetric bias of the feathering angle (α 0 ) is effecti cause an increase both in F y and M x (in-phase). This portrays a situation where the hawkmoth goes right (left), while rolling right (left), and this mode of motion is known to be unstable [20] . Therefore, initiating this mode of motion with a certain control input will make the insect flight diverge, thus further compensation is needed for stabilization. However, an increase of Δ amp induces an increase in F y and a decrease in M x (out-of-phase), which renders a situation where the hawkmoth translates right (left) while rolling left (right). This mode of motion is known to be stable [20] . Therefore, for the control of side-translation and roll motion, the asymmetric amplitude of the stroke positional angle (Δ amp ) seems to be a proper choice.
For the longitudinal flight: 1) the symmetric bias of the feathering angle (α 0 ) is effective for the forward/backward and pitching motion control, and 2) the symmetric amplitude of the stroke positional angle ( amp ) is effective for the descending and ascending motion.
For the lateral flight: 1) the asymmetric bias of the feathering angle (Δα 0 ) is effective for the yaw motion control, and 2) the asymmetric amplitude of the stroke positional angle (Δ amp ) is effective for the control of side-translation and roll motion.
From the coupling effect analysis, reduction in the number of necessary control input variables is achieved. Among all twelve possible combinations of control variables for three rotational degrees of freedom of the wing, only four of them (α 0 , Δα 0 , amp , and Δ amp ) are found to be sufficient for the control of 6-DOF forces and moments. From an engineering point of view, reduction of the number of required control inputs directly translates to a simple mechanism with less weight, which can lead us to alleviate the criteria for actuators, sensors, and computational burdens. We hope that this study can help in the designing of efficient flight controllers for flapping-wing MAVs.
